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High Capacity Production of > 40% Spin Polarized
Xenon-129 for NMR and MRI Applications at the NHMFL

Anthony L. Zook and Clifford R. Bowers, UF, Chemistry

he NHMFL and the University of Florida recently

supported the development of a hyperpolarized
noble gas generator at UF. We are pleased to report
that construction of this facility is now complete, and
that its performance for high capacity hyperpolarized
12Xe production is apparently better than any other
laser diode array (LDA) based system reported in
the literature. Here, we show the results of the
performance tests, and to demonstrate the capability
that is now available, several images obtained using
the new polarizer will be presented. It is hoped
that these promising results will stimulate interest in
hyperpolarized noble gas applications that may now
be pursued at the NHMFL.

Non-equilibrium methods for enhancing the nuclear
spin polarization, and hence the signal-to-noise ratio
in NMR experiments, are making a significant impact
in certain types of NMR and MRI applications.
These enhancement techniques include: dynamic
nuclear polarization,'* parahydrogen induced nuclear
polarization,** optical pumping in solids,*” and spin-
exchange optical pumping of *Xe and *He.*® Spin-
exchange optical pumping, proven to be one of
the more generally applicable methods, involves
polarization of the hyperfine sublevels by repeated
optical excitation of an alkali metal atom with
circularly polarized light. Spin angular momentum
exchange collisions between the alkali atom and
‘He or '¥Xe leads to the accumulation of a large
nonequilibrium nuclear polarization, referred to as
hyperpolarization, of the noble gas. While spin
exchange optical pumping at low magnetic field
had been known since the 1960’s, it was not
until the demonstration of Raftery et al.’ that the
hyperpolarized noble gas can be separated from the
alkali metal and employed in enhanced sensitivity

high field NMR. This led Albert and co-workers'® to
demonstrate that hyperpolarized '*Xe could be used
to obtain in vivo magnetic resonance images. Later,
‘He was applied to the imaging of human lungs,"
and now the technology of spin exchange optical
pumping has even been commercialized'? due to its
excellent potential as a clinical diagnostic. In recent
years, the number of spectroscopic applications of
hyperpolarized '*Xe has also grown rapidly.

The key parameters affecting the maximum attainable
nuclear polarization of '¥Xe include the Rb vapor
density (directly related to the pumping cell
temperature), the pumping gas composition and
pressure, the laser linewidth, and the laser power." The
parameters affecting the maximum attainable nuclear
polarization of '*Xe include the Rb vapor density
(directly related to the pumping cell temperature),
the pumping gas composition (Xe, N,, and *He), the
pumping time or flow rate, the pumping cell wall
coating, the pumping field, and the laser linewidth
and power.!* Two types of near infrared laser systems
are currently in common use for Rb-Xe spin exchange
optical pumping: the titanium sapphire laser and the
LDA. While the power available from the titanium
sapphire ring laser is typically only a few watts, the
laser line width is much narrower than the Doppler
linewidth. The laser power is, therefore, efficiently
absorbed by a suitably dense Rb vapor, and for this
reason, the titanium sapphire laser is well suited to
the production of small quantities (c.a. 10 cm?) of
>50% polarized '¥Xe at pressures up to about 10 to
50 mbar."* With the advent of the LDA, much higher
optical power tunable to the Rb 'D absorption line
at a wavelength of 794.8 nm is available, but the
linewidth of the output is typically on the order of
1000 GHz, a value greatly exceeding the =1 GHz
Doppler broadening of atomic Rb (at =100 °C).
For spin exchange optical pumping of '¥Xe, studies



have shown that a 98% *He, 1% N,, and 1% '*Xe
gas composition provides the necessary pressure
broadening for efficient optical absorption, reduction
of spin-rotation relaxation of the 12°Xe, and quenching
of the alkali-atom excited state to reduce
depolarization due to radiation trapping.'* With the
greater optical power available with LDAs, much
higher alkali metal atom densities can be excited,
and the rate of nuclear polarization of the '*Xe gas
is proportionally greater due to the increased rate
of Xe-Rb spin exchange collisions. The higher rate
of polarization enables a flow mode of operation
whereby the Xe/N /He gas mixture passes through
the cell continuously. The LDA-based polarized
gas generator 1is, therefore, advantageous in
applications requiring large quantities of polarized
gas such as magnetic resonance imaging,'”> enhanced
NMR spectroscopy using hyperpolarized liquid
129Xe,'%!” and phase-cycled or two-dimensional NMR
experiments.

Table 1. Survey of ??Xe polarizer data reported in the literature.

Ideally, a hyperpolarized noble gas generator would
simultaneously deliver both high capacity and the
highest possible polarization. Previous work suggests
that higher polarization and high flow rates may
potentially be obtained by increasing the rubidium
density and absorbed laser power.!” However, an
experimental investigation to determine if this is so
requires a higher power LDA system than has been
previously available. The NHFML-UF polarized gas
generator employs a 210 W LDA, to our knowledge,
the highest optical power yet to be employed in '*Xe
spin exchange optical pumping.

A schematic of the NHMFL-UF polarizer is shown
in Fig. 1. The laser system consists of seven fiber
coupled LDA units, each with an output of 30 W
at 795 nm, and with a total combined line width of
1.7 nm (~800 GHz). The individual fiber outputs are
combined into a single fiber terminated by a water-
cooled output connector. The individual fibers are
embedded in a high-thermal conductivity

epoxy and are anti-reflection coated to
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Table 1 presents a survey of the '*Xe optical pumping
systems described in the recent literature according to
LDA power, '?Xe nuclear spin polarization produced,
and Xe flow rate. Two relevant criteria by which
the performance of a polarized gas generator can be
evaluated are the maximum polarization achieved and
the nuclear magnetization production rate, a quantity
proportional to the product of the nuclear polarization
and the Xe flow rate. There is a wide variation in
the reported values of the nuclear polarization (or
signal enhancement factor) and production factor, but
in summary, the polarization achieved in previous
LDA systems is substantially lower than the value
achieved in titanium sapphire systems.

to be circularly polarized even though the
output of the LDA system is unpolarized.
The 5x12 cm cylindrical optical pumping cell has
an inlet and outlet to facilitate continuous flow
generation of hyperpolarized '¥Xe. PFA tubing with
non-magnetic fittings connects the pumping cell to
the NMR probe. After passing through the probe,
the gas can either be vented (in applications where
it may become contaminated) or recirculated by
a magnetically coupled pump. The flow rate is
monitored and adjusted by a needle valve on the
return line.

As noted above, the rate of optical pumping of the
rubidium vapor depends on the fraction of the laser



power absorbed by the vapor. The main parameters
affecting the absorption are (1) the buffer gas pressure
and (2) the rubidium density that is determined
by the optical pumping cell “conditioning” and
the temperature. To obtain optimal absorption a
fiber coupled CCD optical spectrometer monitors
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Figure 1. (a) Optical System. BS=beam splitter,
L=lens, and M=mirror. (b) Gas handling system.
RP=recirculation pump, GP=gas purifier, P=pressure
gauge, BT=ballast tank, v=valve, and N=needle valve.

the transmission of the laser light through the
pumping cell. For example, Fig. 2a presents the
optical transmission as a function of the pumping cell
temperature at a gas pressure of 3400 Torr. At 100
°C, the Rb density is too low and the light is not
absorbed, while at 170 °C the density is too high, and
in this case the pumping light does not reach the back
of the cell. The intermediate temperature of 140 °C
represents the optimal situation where the Rb will
be maximally polarized over the entire pumping cell
volume.

The performance characteristics of the UF/NHMFL
hyperpolarized noble gas generator are presented in
Table 2. The highest '*Xe polarization obtained from
this system was 46.2% in batch mode and 40.% in
continuous flow mode.?® It appears that these are
the highest levels of polarization to be achieved

in an LDA-based polarizer, and furthermore, the
rate of magnetization production is also higher than
any other literature report at any flow rate. These
performance characteristics are attributed to the high
laser power, narrow laser line width, and efficient

polarizer design.

Finally, Fig. 3 demonstrates the capability of
performing magnetic resonance imaging experiments
on 'YXe gas and '¥Xe liquid using the UF/NHMFL
hyperpolarized gas generator. In each case, a cross
section of the cylindrical NMR tube was imaged
with a 10 mm high resolution probe using a small
pulse angle gradient echo filtered imaging (GEFI)
pulse sequence. To obtain the '¥Xe liquid image, the
hyperpolarized gas was first condensed as a solid
at a temperature several degrees below the melting
point. The image was obtained after raising the probe
temperature to form liquid Xe in the sample tube.
In principle, magnetic resonance imaging with liquid
Xe at this level of polarization should yield higher
resolution than proton imaging of liquid water.

In summary, the laser-polarized noble gas generator
incorporating a 210 W laser diode array has been
constructed and tested, and a nuclear polarization of
46.2% of '¥Xe has been obtained. The '¥Xe nuclear
polarization obtained with this new system easily
competes with Ti:sapphire based polarizers, but the
capacity of the UF/NHMFL LDA system, in terms
of the rate of '*Xe magnetization produced, is far
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Figure 2. Optical transmission of pumping cell as a
function of cell temperature.



Table 2. UF/NHMFL polarizer characteristics.

Laser Xe:N,:He Xe Flow Rate Production
Power (W) | P, % Composition (scem) Factor

210 40 1:1:98 4.8@86% 192

210 23 2:2:96 7.44@26% 171

210 12 5:5:90 18.6@26% 223

greater. The ability to produce highly polarized **Xe
at rates in excess of 1 liter-atm/hour will facilitate
superior results in 1D and 2D NMR as well as
MRI applications. Since the NMR signal obtained
from liquid '¥Xe polarized to > 40% exceeds the
proton signal of liquid H,O, improved resolution in
imaging applications should be possible. Potential
spectroscopic applications include protein studies,
surface NMR, and polarization transfer enhancement
on surfaces. In conclusion, we hope that the promising
initial results obtained with the NHMFL-UF polarizer
will stimulate researchers of the NHMFL in-house
and user community to consider experiments using
this new instrument. Potential users should contact
Russ Bowers, Steve Blackband, Anthony Brennan, or
Steve Gibbs.
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Figure 3. (a) Axial non-slice-selective gradient echo image of
polarized xenon gas flow. The increased intensity near the walls

of tubing is indicative of wall restricted diffusion of the gas. (b)
Single scan gradient echo image of polarized liquid xenon at 186 K.
Total experiment time was 20 seconds. Outer ringing of image was
caused by clipping of the FID during acquisition. (c) 3D single scan,
multiple gradient echo image (5 slices) of polarized liquid xenon in
a cylindrical sample cell at 186 K, acquired with a tip angle 4°. The
total experiment time was 20 seconds.
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